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Synaptic Clustering of AMPA Receptors
by the Extracellular Immediate-Early
Gene Product Narp
leads to receptor clustering by the membrane-associ-
ated protein rapsyn.
In the CNS, ionotropic glutamate receptors are the
major excitatory neurotransmitter receptors and are di-
vided into three broad classes, termed AMPA-, NMDA-,
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calcium current that is thought to modulate signal trans-and Communication Disorders
duction pathways. Functional AMPA receptors are multi-National Institutes of Health
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concentrated in neurons at excitatory synapses on den-
dritic spines and shafts.
Significant advances in the identification of moleculesSummary
involved in excitatory synapse formation have recently
occurred using genetic and biochemical techniques. ANarp (neuronal activity±regulated pentraxin) is a se-
family of cytoplasmic proteins containing protein±pro-creted immediate-early gene (IEG) regulated by synap-
tein interaction motifs, called PDZ domains, has beentic activity in brain. In this study, we demonstrate that
implicated in the clustering of both NMDA and AMPANarp possesses several properties that make it likely
receptors at synapses (O'Brien et al., 1998b). These PDZto play a key role in excitatory synaptogenesis. Narp
domain±containing proteins are thought to intracellu-is shown to be selectively enriched at excitatory syn-
larly cross-link receptors and couple them to the cy-
apses on neurons from both the hippocampus and spinal
toskeleton. The PSD-95 family of proteins contains three
cord. Overexpression of recombinant Narp increases
PDZ domains that directly interact with the C termini of
the number of excitatory but not inhibitory synapses NMDA receptor subunits and may be important in NMDA
in cultured spinal neurons. In transfected HEK 293T receptor clustering (Kornau et al., 1995). Similarly, the
cells, Narp interacts with itself, forming large surface neuronal proteins GRIP (Dong et al., 1997), ABP (Srivas-
clusters that coaggregate AMPA receptor subunits. tava et al., 1998), and PICK1 (Xia et al., 1999), each of
Moreover, Narp-expressing HEK 293T cells can induce which contains one or more PDZ domains, interact with
the aggregation of neuronal AMPA receptors. These the C terminus of AMPA receptors and may be important
studies support a model in which Narp functions as an in receptor targeting (Dong et al., 1997). The extracellular
extracellular aggregating factor for AMPA receptors. factors that facilitate the formation of excitatory syn-
apses in the CNS have not been identified.
An additional level of complexity in the formation ofIntroduction
central excitatory synapses stems from the fact that two
populations of neurons exist (termed spiny and aspiny)The identification of molecules regulating the aggrega-
that receive excitatory input in mutually exclusive pat-tion of neurotransmitter receptors at synapses is central
terns (Sloper and Powell, 1979; Harris and Kater, 1994).to understanding the mechanisms of neural development,
Spiny neurons, such as hippocampal pyramidal neu-synaptic plasticity, and learning. The most well-charac-
rons, receive more than 90% of their excitatory inputterized model for the synaptic aggregation of ionotropic
onto dendritic spines, while shaft synapses on thesereceptors is the neuromuscular junction. Early work
neurons are largely inhibitory. Aspiny neurons, such asshowed that contact between the axon of a motor neu-
hippocampal interneurons and most spinal neurons, re-ron and the surface of a myotube rapidly triggers the
ceive both excitatory and inhibitory synapses on theiraccumulation of preexisting surface acetylcholine re-
dendritic shafts. Emerging evidence indicates that excit-ceptors (Anderson and Cohen, 1977; Frank and Fisch-
atory synapses on spines and shafts have differentbach, 1979). Subsequent work has shown that agrin, a
structural and functional properties, which may implycomplex glycoprotein secreted by the presynaptic ter-
different molecular mechanisms in their formation andminal, activates a postsynaptic signal transduction cas-
maintenance (Allison et al., 1998; Fletcher et al., 1994;cade (reviewed by Colledge and Froehner, 1998), which
O'Brien et al., 1997; Rao et al., 1998; Liao et al., 1999;
Zhang et al., 1999).
In the present study, we report that the immediate-6 To whom correspondence should be addressed (e-mail: pworley@
early gene (IEG) Narp (neuronal activity±regulated pen-bs.jhmi.edu).
7 These authors contributed equally to this work. traxin) may be an extracellular factor involved in the
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organization of excitatory synapses on aspiny neurons at 56 kDa in rat brain (Figure 1A), similar to the size of
recombinant Narp expressed in detergent extracts offrom the spinal cord and hippocampus and on some
spiny neurons from the dentate gyrus. Narp was origi- transfected HEK 293T cells (Figure 1F). Narp protein
was also detected as a similarly sized triplet in rat testesnally identified by a novel subtractive cloning strategy
from stimulated hippocampus (Tsui et al., 1996) and is but not in other peripheral tissues. This restricted distri-
bution of Narp protein parallels the Narp mRNA expres-a member of the newly recognized subfamily of ªlong
pentraxinsº that includes neuronal pentraxin 1 and 2, sion previously reported (Tsui et al., 1996). The broad-
ness of the Narp band in brain is consistent with thewhich are found in the brain (Schlimgen et al., 1995);
TSG-14 (Lee et al., 1993), a tumor necrosis factor± observation that Narp is glycosylated (Tsui et al., 1996).
In nonreducing gels, Narp migrates as a multimer withinducible acute phase reactant; and apexin (Reid and
Blobel, 1994), which is localized to the acrosome of a size .220 kDa (Figure 1B), consistent with the known
ability of members of the pentraxin family to covalentlymature sperm. These molecules are similar in structure
in that they possess a C-terminal pentraxin domain and multimerize through disulfide bonds (Emsley et al., 1994;
Gewurz et al., 1995; Bottazzi et al., 1997). Like Narpa z200 amino acid unique N terminus whose function
up to this point is unknown (Goodman et al., 1996). The mRNA expression, Narp protein levels are significantly
increased in adult rat hippocampus following seizurepentraxin domain on Narp is similar to the mammalian
proteins C-reactive protein (CRP) and serum amyloid induction. As shown in Figure 1B, maximal electrocon-
vulsive shock (MECS) resulted in a robust increase inprotein (SAP), as well as highly conserved homologs
from species as distant as Limulus (Tsui et al., 1996). Narp protein (8- to 12-fold at 12 hr; n 5 2) without a
change in the level of the constitutively expressed pro-Pentraxins are secreted proteins that self-multimerize
to form pentamers and may further dimerize to form tein actin. The time course of Narp protein expression
is typical for an IEG in that it is increased within 30 mindecamers (Gewurz et al., 1995). A crystal structure of
SAP showed that the pentraxin sugar-binding motif is of MECS but is unique among known neuronal IEGs in
that it remains elevated for more than 24 hr. The pro-remarkably homologous in secondary and tertiary struc-
ture to the plant lectin concanavalin A (Emsley et al., longed increase is not associated with a prolonged in-
crease in mRNA, since Narp mRNA returns to basal1994), a feature that is conserved in Narp (Tsui et al.,
1996). The physiological roles of pentraxins have re- levels by 8 hr after MECS (Tsui et al., 1996), suggesting
that the Narp protein may be relatively stable. Immuno-mained obscure, although CRP has been postulated to
play a role in nonantibody-mediated immune responses histochemistry in rat hippocampus (Figure 1C) showed
that Narp protein is expressed in the cell bodies of mostby binding and aggregating bacteria and other patho-
gens (Siegel et al., 1974, 1975). neurons throughout the hippocampus, including the
dentate gyrus (black arrows) and CA1 region (whiteIn cultured spinal and hippocampal neurons, we dem-
onstrate that Narp is expressed by a subset of axons arrows), paralleling the distribution of Narp mRNA (Tsui
et al., 1996). Four hours after induction of either MECSand dendrites. With time, Narp becomes concentrated
at excitatory synapses, predominantly on the dendritic or long-term potentiation (LTP) in vivo, Narp immuno-
staining showed a large increase throughout the dentateshafts of aspiny neurons, and is absent from excitatory
synapses on most spiny neurons. Transfection studies gyrus, with little change in CA1 (Figure 1D). The hippo-
campal neuropil was lacking in intense Narp stainingin cultured spinal neurons, along with electron micros-
copy (EM) from hippocampal neurons in vivo, indicate except in the hilus of the dentate gyrus (Figure 1C, aster-
isk), the termination site of many of the mossy fibers.that Narp is present on both the pre- and postsynaptic
surface. When overexpressed in cultured spinal neu- Of note, hippocampal interneurons, defined by their lo-
cation and lack of dendritic spines (Buckmaster androns, Narp increases the number of excitatory but not
inhibitory synapses. Moreover, Narp has the ability to Soltesz, 1996), showed a clear dendritic staining pattern
(Figure 1E) that was nearly as intense as that seen inrecruit AMPA receptors into the large spontaneous ag-
gregates it forms in heterologously transfected HEK the granule cell layer.
In cultured cells (Figure 1F), the anti-Narp antibody293T cells. Taken together, these results suggest that
recognized a protein with a molecular mass of 54 kDaNarp may function to facilitate the formation of new
in hippocampal neurons and 58 kDa in spinal neurons.excitatory synapses and to aggregate AMPA receptors
Recognition of these proteins by the Narp antibody wasat established synapses. Since Narp is an IEG regulated
blocked by preincubation of the antibody with Narp fu-by synaptic activity, its dynamic expression provides a
sion protein. A second, minor protein at 140 kDa wasnovel mechanism for activity-dependent synaptogene-
also seen in immunoblots of neuronal cultures; however,sis and synaptic plasticity.
this protein was not blocked by preabsorption of the
antibody with antigen. The 140 kDa protein was not
observed in immunoblots of cell surface proteins iso-Results
lated by surface biotinylation techniques, indicating that
it is an intracellular protein, nonspecifically recognizedNarp Is Enriched at Excitatory Synapses
in a Subpopulation of Neurons from by the rabbit serum. Of note, immunoblots of the media
overlying neuronal cultures and Narp-transfected HEKHippocampus and Spinal Cord
To study Narp protein, a rabbit polyclonal antibody was 293T cells indicated that a substantial amount of Narp
was secreted into the media, consistent with the obser-generated against a full-length glutathione S-transferase
(GST) fusion protein of Narp. On Western blot, this anti- vations of Tsui et al. (1996), and in keeping with the
characteristics of the family of pentraxins.body recognized a single broad protein band centered
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Figure 1. Tissue Distribution and Regulation of Narp Protein
In (A), 16 mg of protein from each of the described adult rat tissues was loaded onto an SDS±PAGE gel in sample buffer and probed with
rabbit anti-Narp at 0.5 mg/ml. In (B), 20 mg from hippocampi isolated from rats at the designated times following MECS was loaded in
nonreducing sample buffer. Under these conditions, Narp migrated as a multimer. The lower band in each lane represents actin used as a
control for protein loading. In (C) and (D), Narp immunohistochemistry from rat hippocampus is shown at baseline (C) and 4 hr after induction
of LTP in vivo (D). Several hippocampal interneurons stained with Narp are shown in (E). In (F), 20 mg of protein from hippocampal and spinal
cord cultures, as well as 10 mg of protein from Narp-transfected HEK 293T cells, were run on SDS±PAGE. Two additional lanes of cultured
neurons were also reacted with rabbit anti-Narp after pretreating the antibody with Narp fusion protein to block any Narp-specific interactions.
Note the nonspecific band at 140 kDa, which is not present in transfected cells or in surface preparations of cultured neurons (biotinylated).
The immunohistochemical distribution of Narp in cul- almost no Narp localized to GluR1 clusters in either fixed
or live preparations (Figure 2D), although bright Narptures of postnatal rat hippocampal neurons was quite
striking and paralleled and extended the results ob- immunostaining was present in the cell body. A few
(,5%), scattered spiny neurons did have detectableserved in vivo. Aspiny neurons, which are composed
predominantly of inhibitory interneurons (Craig et al., Narp immunostaining in their spines (Figure 2E). Clues
as to the origin of these latter cells include their large1994; Buckmaster and Soltesz, 1996) and make up about
one-third of the neurons present in these cultures, dis- proximal spines and the fact that they were only seen
when the oldest postnatal rats (P6±P7) were used as aplayed a somatodendritic staining pattern for Narp (Fig-
ure 2A), with large superimposed clusters that showed source of cells. Both observations suggest an associa-
tion with the dentate gyrus. Whether the distinct distribu-a tight colocalization with GluR1 (Figures 2A and 2B)
but not glutamic acid decarboxylase (GAD) (Figure 2C). tion of Narp in these subtypes of hippocampal neurons
is the result of differential synthesis or subcellular trans-Greater than 90% of GluR1 clusters on aspiny neurons
had associated Narp staining, while only 4 of 111 GAD- port is as yet unresolved.
In addition to the synaptic localization of Narp, manypositive synapses contained Narp. Since our previous
and ongoing work has shown that dendritic GluR1 clus- hippocampal axons (Figure 2F), identified by Tau immu-
nostaining, were positive for Narp at early time pointsters are almost always synaptic (defined by synaptophy-
sin immunostaining; Mammen et al., 1997; O'Brien et in culture (45 of 101 on day 7 in vitro). These axons
are likely to be exclusively excitatory, as GAD-positiveal., 1997), these results indicate that Narp is localized
to excitatory synapses. The near complete colocaliza- processes were uniformly Narp negative. Axonal stain-
ing was only seen in permeabilized preparations. Narption of Narp and GluR1 on these aspiny neurons was
seen at both early (Figure 2A) and late (Figure 2B) time staining, both live and permeabilized, was blocked by
preabsorption of the Narp antibody with antigen (Figurepoints in culture. Moreover, the colocalization of Narp
with GluR1 was also seen when the anti-Narp antibody 2G), confirming its specificity.
In cultured spinal neurons, which are almost all aspiny,was applied to live cultures (as shown in Figure 2B),
implying that this is a cell surface phenomenon. Strik- clusters of Narp immunostaining were more widespread
and were seen to colocalize with the AMPA receptoringly, the vast majority of spiny, pyramidal neurons had
Neuron
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Figure 2. Narp Is Enriched Predominantly at Excitatory Synapses on Dendritic Shafts in Cultured Hippocampal Neurons
In (A), a typical nonspiny hippocampal neuron is shown on day 7 in vitro, stained with anti-Narp (top) and anti-GluR1 (bottom) antibodies
following fixation and permeabilization. Note the diffuse intradendritic stain seen with the anti-Narp antibody. In (B), live anti-Narp staining at
day 21 in vitro shows near complete overlap of surface Narp staining with GluR1 staining that was done following fixation and permeabilization.
In (C), the lack of overlap of live Narp (red) and fixed GAD (green) staining on an aspiny neuron at day 21 is demonstrated. In (D), a typical
spiny neuron (day 21) shows a complete absence of permeabilized Narp staining at GluR1-immunopositive synapses. Note, however, the
bright cell body staining. (E) shows an example of the rare spiny neuron with dendritic Narp immunostaining. The presence of Narp in a subset
of Tau-immunopositive axons on day 7 is demonstrated in (F), while (G) shows the ability of the Narp fusion protein to block all live Narp
staining in a GluR1-positive nonspiny neuron. Similar block of Narp staining was seen in permeabilized preparations, including the majority
of the cell body stain seen in pyramidal neurons. In all overlays throughout this paper, Narp is displayed as red, and the other protein of
interest (GluR1, GAD, synaptophysin, Tau) as green, unless otherwise mentioned. Scale bars, 5 mm.
subunit GluR1 in most cases. As shown in Figure 3A, 1997). Narp clustering at excitatory synapses was also
observed when the Narp antibody was applied to fixedsurface Narp immunostaining was seen to colocalize
with synaptic GluR1 immunostaining but was not pres- and permeabilized preparations. Overall, 73% (529 of
720) of GluR1 clusters had associated Narp immuno-ent in synapses devoid of GluR1, which we have pre-
viously shown to be inhibitory synapses (O'Brien et al., staining, both in live and fixed preparations. In contrast,
Figure 3. Narp Is Enriched at Excitatory Synapses in Cultured Spinal Neurons
In (A), live Narp immunostaining is seen to colocalize with permeabilized GluR1 immunostain at most synaptic GluR1 clusters in this day 5
spinal neuron. Note also the synapses, which are both Narp negative and GluR1 negative, as well as the scattered, nonsynaptic surface Narp
clusters (arrows). In (B), left panel, surface Narp staining (red) shows no colocalization with GAD staining (green; day 10 in vitro). In (B), right
panel, permeabilized Narp staining is seen to colocalize with the axon-specific protein Tau (day 5 in vitro). Scale bar, 5 mm.
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permeabilization, with an aminomethylcoumarin acetate±
labeled anti-Myc (rabbit) antibody was used to identify
transfected neurons and their axons and dendrites, while
GluR1 and GAD staining were used to identify excitatory
and inhibitory synapses, respectively. Staining of trans-
fected neurons indicated that Myc±Narp, similar to en-
dogenous Narp, was distributed throughout the somato-
dendritic domain of the transfected neuron (Figures 4A
and 4H) and was also specifically localized to excitatory
synapses. In a series of three separate experiments (Fig-
ures 4A±4D), 74% (123 of 167) of GluR1 clusters on
34 transfected neurons had clear clusters of surface
Myc±Narp stain (Figure 4C, arrows). Like in untrans-
fected neurons, nearly all GluR1 clusters in transfected
neurons are synaptic (i.e., associated with synaptophy-
sin or synapsin 1 staining; data not shown). Conversely,
Myc±Narp staining in transfected neurons rarely (18 of
114) colocalized with presynaptic GAD staining (Figures
4E±4G). In addition to the clusters of transfected Narp
associated with GluR1, a slightly smaller number of
Myc±Narp clusters were also seen that were not associ-
ated with GluR1 (Figure 4B, arrowheads). It is our as-
sumption that these are similar to the extrasynaptic Narp
clusters seen in nontransfected cells (Figure 3). Whether
these represent Narp in the process of migrating to ex-
citatory synapses or a form of Narp available to interact
with nascent excitatory terminals is yet to be deter-
mined. To exclude the possibility that the live stainingFigure 4. Targeting of Recombinant Myc-Tagged Narp to Excitatory
technique induced the aggregation of Myc±Narp at ex-Synapses from the Postsynaptic Neuron
citatory synapses, we examined the colocalization ofIn (A), a transfected neuron is identified by its bright, permeabilized,
rabbit anti-Myc staining. Note that the staining extends throughout Myc±Narp with GluR1 in neurons fixed before staining.
the neuronal processes (see also [H]). At high power, that same In these transfected neurons, 86% (266 of 309) of the
neuron (B) is seen to have surface mouse anti-Myc stain, which dendritic GluR1 clusters were associated with focally
colocalizes with permeabilized C-terminal GluR1 stain ([C], arrows), clustered Myc±Narp staining (Figures 4H and 4I, arrow-as well as scattered dendritic Narp clusters, which do not colocalize
heads).with GluR1 ([B], arrowheads). In (E) through (G), a lack of colocaliza-
tion of surface Myc±Narp (F) with GAD (E) is shown in another spinal
dendrite. In (H) and (I), a cell fixed and permeabilized before staining Synaptic Narp Is Derived from Both the Presynaptic
with GluR1 and mouse anti-Myc also shows colocalization of GluR1 and Postsynaptic Neuron
and Myc±Narp at all clusters (arrows). Scale bars, 5 mm. Since only 1% to 3% of the neurons in a given experi-
ment are transfected by our procedure, it was relatively
easy to distinguish Myc±Narp that came from the post-surface Narp rarely colocalized with inhibitory synapses
(12 of 218) identified by presynaptic GAD immunostain- synaptic cell (surface stain associated with the large
proximal processes of an isolated transfected cell) froming (Figure 3B, left panel). As in hippocampal cultures,
Narp immunostaining was also observed in a subset of Myc±Narp originating from the presynaptic cell (surface
stain associated with a solitary thin process coursingTau-immunopositive axons at early timepoints (67 of
158 on day 5; Figure 3B, right panel), although its appear- over a nontransfected cell body or dendrite that is not
in continuity with any visibly transfected cell). This oper-ance was more clumped than that seen in hippocampal
axons. Of note, surface staining with the Narp antibody ationally defined distinction between axon and dendrite
was verified to be nearly 90% specific in pilot experi-in early spinal cultures frequently revealed a few scat-
tered, nonsynaptic, dendritic Narp clusters, which, in ments in which labeled processes were stained with
anti-Tau antibodies to distinguish axons from dendrites.contrast to synaptic Narp clusters, were only variably
associated with GluR1 (Figure 3A, arrows). As discussed above, 74% of excitatory synapses in trans-
fected neurons had clear surface Myc±Narp stain, indi-
cating that Narp is targeted to the synapse from theTransfected Narp Accumulates
at Excitatory Synapses postsynaptic neuron. However, additional observations
suggested that Narp was also targeted to the synapseTo characterize the synaptic targeting of Narp in neu-
rons, we transfected a C-terminal Myc-tagged version from the presynaptic terminal. Myc±Narp-positive pro-
cesses similar to those seen in Figures 5A±5D wereof Narp (designated Myc±Narp) into cultured spinal neu-
rons (Dong et al., 1997). After 72 hr of expression, live frequently observed far removed from any transfected
neuronal cell bodies (autaptic connections betweenstaining with an anti-Myc (mouse) antibody followed by
a FITC-labeled anti-mouse secondary was used to re- Narp-positive axons and dendrites were uncommon).
Parallel studies revealed that these processes were ax-veal the surface distribution of the transfected Narp.
Subsequent staining of the same cells, after fixation and ons, as 80 of 91 such processes were strongly positive
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Figure 6. The Synaptic Distribution of Narp In Vivo Is Revealed by
EM of the Rat Hippocampus
Immunogold labeling (10 nm) of Narp in the hippocampus, in the
molecular layers of the dentate gyrus (a and d±f) and the hilus (b
and c). Examples of both presynaptic (a±c and e) and postsynaptic
(c, d, and f) labeling are seen. Presynaptic labeling is associated
Figure 5. Targeting of Recombinant Myc-Tagged Narp to Excitatory with vesicles. Gold particles were also frequently observed in the
Synapses from the Presynaptic Neuron synaptic cleft. Postsynaptic structures include dendrite shafts (a±c)
In (A), a Myc±Narp-positive process is seen to contact a nontrans- and spines (d±f). Abbreviation: p, presynaptic terminal. Scale bar,
fected, GluR1-positive neuron (C and D). Live Myc staining shows 0.2 mm.
that Myc±Narp was present on the surface at two points (B), both
of which have clustered GluR1 (the third spot is contacting another
cell, which is GluR1 negative). The remainder of the GluR1 clusters
both in spines and dendritic shafts. The asymmetricin the neuron in (C) are presumably due to nontransfected axons.
characteristics of these synapses make them likely toIn (G), another Myc±Narp-transfected axon is seen to contact a
be excitatory, an observation confirmed by costainingnontransfected cell. That axon but not another in the field is immuno-
negative for the enzyme GAD (E and H), a marker of the axons of the sections with an antibody that recognizes the AMPA
inhibitory interneurons. Scale bars, 5 mm. receptor subunits GluR2 and GluR3 (GluR2/3; data not
shown). Narp immunostaining was prominantly present
in presynatic elements of the mossy fiber projection to
the hilus and CA3. The distribution of the immunogoldfor the axon-specific protein Tau. Nearly all of the Myc±
Narp-containing axons were immunonegative for GAD particles was consistent with both a presynaptic and
postsynaptic accumulation of Narp in both spines and(92 of 93; Figures 5E±5H), suggesting that Myc±Narp, like
endogenous Narp, is not transported down the axons of shafts, an observation again confirmed by colocalization
with anti-GluR2/3. Moreover, many images appeared toGABAergic neurons. Thus, presynaptic Myc±Narp was
largely restricted to axons of excitatory neurons. This show Narp over the synaptic cleft. The occurrence of
Narp in spines of the dentate gyrus contrasts with resultspattern of axonal staining is reminiscent of the endoge-
nous Narp-positive axons seen in early spinal and hippo- in vitro in which spiny Narp staining was uncommon.
The likely explanation for this discrepancy lies in thecampal cultures. When Myc±Narp-containing axons
contacted a GluR1-positive, nontransfected neuron, postnatal development of the dentate gryus (Bayer and
Altman, 1974), where most of the spiny Narp immuno-such as in Figure 5C, 37 of 48 such contacts were associ-
ated with at least one GluR1 cluster (Figure 5D). Clusters stain was seen. These cells would be underrepresented
in cultures taken from perinatal animals. Alternatively,were invariably seen at sites where live Myc±Narp stain-
ing revealed extracellular Myc±Narp (Figure 5B; 54 Myc± there may be differences in spines in vivo, as opposed
to those that form in culture.Narp clumps were associated with 51 GluR1 clusters).
These observations indicate that the Myc±Narp trans-
gene is derived from the presynaptic element. Overexpression of Narp Increases the Number
of Excitatory Synapses in CulturedImmunoelectron microscopy (immunoEM) from rat
hippocampus (Figure 6) confirmed and extended many Spinal Neurons
Given the presence of Narp on both pre- and postsynap-of the observations made with light microscopy in vivo
and in vitro in both normal and transfected cells. In the tic processes and the biochemical propensity of pen-
traxins to form head-to-head multimeric aggregatesgranule cell layer and the polymorphic layer of the hilus
of the dentate gyrus, Narp had a synaptic localization, (Emsley et al., 1994; Gewurz et al., 1995; Bottazzi et al.,
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Table 1. The Effect of NARP Overexpression on Cultured Spinal Neurons
NARP-Transfected NR1CT-Transfected
Transfected Untransfected Transfected Untransfected
Synaptic GluR1 clusters 13.0 6 3.8a (n 5 59) 7.4 6 1.2 (n 5 77) 6.9 6 1.4 (n 5 51) 6.1 6 1.3 (n 5 71)
Synaptophysin clusters 16.0 6 4.6b (n 5 59) 11.8 6 1.2 (n 5 77) 10.9 6 2.3 (n 5 51) 10.5 6 1.6 (n 5 71)
Neuritic length (mm) 225 6 51 (n 5 32) Ð 220 6 60 (n 5 33) Ð
GAD clusters 5.9 6 3.9 (n 5 40) 5.4 6 2.8 (n 5 37) 6.3 6 3.2 (n 5 33) 6.9 6 2.1 (n 5 43)
Cultured spinal neurons were transfected with either a Myc-tagged NARP or NR1CT construct as described in the Experimental Procedure.
The number of synaptic GluR1 clusters as well as the number of total synapses were calculated in transfected and nontransfected neurons
in each condition in a series of five experiments. The calculation of neuritic length was taken from a subset of three of the five experiments
and was determined with the permeabilized Myc staining at 1003 (no attempt was made to distinguish axons from dendrites or to measure
the entire neuritic length). In a separate series of three experiments, the number of GAD clusters on similarly transfected neurons was
calculated. Numbers are expressed as 6SD of the mean for each experiment.
a p , .01 (paired) for all comparisons.
b p , .05 (paired) for all comparisons.
1997), we explored the possibility that Narp may function and GluR3 (Figure 7E) but not GluR4, GluR6, NR1, NR1/
2A, or the neuronal glutamate transporter EAAC1 (Fig-to facilitate the formation of excitatory synapses. We
compared the number of synaptic GluR1 clusters (i.e., ures 7F±7I). Of note, preliminary electrophysiological
studies in transfected HEK 293T cells showed no differ-GluR1 clusters associated with synaptophysin staining)
in transfected neurons overexpressing Myc±Narp with ences in AMPA receptor current amplitudes or desensi-
tization kinetics in the presence or absence of coex-the number of synaptic GluR1 clusters in untransfected
neurons or in neurons transfected with a control plasmid pressed Narp.
containing the C terminus of the NMDA receptor subunit
NR1A (NR1CT). In five transfection experiments, the Narp Coimmunoprecipitates with AMPA Receptor
Subunits in HEK 293T Cells and in Brainnumber of synaptic GluR1 clusters on Narp-transfected
neurons was increased 1.9-fold compared with either Coimmunoprecipitation experiments were used to ex-
amine whether Narp is physically associated with AMPAcontrol (Table 1; p , 0.01). An increase in the number
of synaptophysin clusters (synapses) per neuron was receptors in HEK 293T cells. Immunoprecipitation of
Narp demonstrated that Narp was specifically associ-also observed in Narp-transfected neurons. No change
was noted in the number of GAD-positive terminals on ated with the GluR1, GluR2, and GluR3 subunits in co-
transfected cells (Figure 8A). Interestingly, treatment ofNarp-transfected neurons or in the size of the visualized
neuritic field of Narp-transfected neurons. Interestingly, transfected cells with 1 mM tunicamycin had no effect
on the association between Narp and any of the AMPAwe noted no increase in nonsynaptic GluR1 clusters.
receptor subunits, implying that the lectin property of
Narp (Tsui et al., 1996) does not mediate its interactionNarp Clusters the AMPA Receptor Subunits
GluR1±GluR3 in Transfected with AMPA receptor subunits. To determine whether
Narp is associated with AMPA receptors in vivo, coim-HEK 293T Cells
The clustering of AMPA receptors is a major characteris- munoprecipitation experiments were performed from rat
brain. As in the HEK cells, Narp was found to be specifi-tic of excitatory synapse formation. To investigate the
possible role of Narp in AMPA receptor clustering, we cally associated with GluR1 when either anti-Narp or
anti-GluR1 antibodies were used to isolate the complexexamined whether Narp could aggregate AMPA recep-
tors, in much the same way rapsyn aggregates nicotinic (Figure 8B). The coimmunoprecipitation of Narp and
GluR1 was blocked by preincubating the initial antibodyacetylcholine receptors at the neuromuscular junction
(Phillips et al., 1991; Ramarao and Cohen, 1998). As with its cognate peptide, and no immunoprecipitation
was seen with preimmune serum. While these studies doshown in Figure 7A, when expressed alone, Narp (or
Myc-tagged Narp) forms large surface aggregates that not prove that Narp and GluR1±GluR3 directly interact
(although it is our hypothesis that they do), their associa-can be seen in live or permeabilized preparations. These
same surface clusters are also seen when an Fab frag- tion in HEK 293T cells indicates that other neural-spe-
cific proteins are not required for these interactions toment of the anti-Myc antibody is used on live prepara-
tions. Moreover, using a marker for transfected cells, occur.
surface Narp staining was only seen in transfected cells
and was not the result of nonspecific binding of secreted Narp Induces the Aggregation of AMPA Receptor
Subunits in Apposing Cellsprotein to untransfected cells. In contrast to Narp, GluR1
is normally distributed diffusely either in live or fixed To evaluate whether Narp could mediate an intercellular
aggregation of GluR1 similar to that expected at a syn-preparations (Figure 7B). Coexpression of GluR1 with
Narp induced GluR1 to form large surface aggregates apse, Myc-tagged Narp and GluR1 were expressed sep-
arately in HEK 293T cells and subsequently cocultured(Figure 7C) that colocalized with the Narp clusters.
These Narp-GluR1 aggregates were seen either with together. Under these conditions, surface Narp clusters
on one cell could induce large surface GluR1 aggregatessurface staining using whole antibody or Fab fragments
or in fixed and permeabilized preparations. In addition on another (Figure 9A). In a total of 109 contacts between
a GluR1-expressing transfected cell and a Narp-express-to GluR1, Narp induced aggregates of GluR2 (Figure 7D)
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Figure 7. Narp Aggregates GluR1±GluR3 in HEK 293T Cells
In (A), live and permeabilized Myc±Narp staining in separate HEK 293T cells, visualized with an anti-Myc antibody, shows large (1 to 6 mm)
surface aggregates. GluR1 (B), in contrast, when expressed alone, shows a diffuse pattern in fixed and permeabilized cells (similar to all the
AMPA receptor subunits). With live staining, GluR1 alone shows occasional microaggregates on the surface (likely due to the bivalent anti-
GluR1 antibody; Mammen et al., 1997). When GluR1 and Narp are expressed together (C), large surface aggregates of GluR1, which colocalize
with Narp when the staining is done either on live cells (surface stain) or in fixed and permeabilized cells, are apparent. In (D), GluR2 is also
seen to form large clusters that colocalize with Narp in either live or fixed preparations. In (E), permeabilized clusters of Narp and GluR3 are
seen to colocalize. No surface antibody to GluR3 is available. No coclustering was seen between Narp and GluR4 (F), GluR6 (G), NR1/2A
combinations (H), or the neuronal high-affinity glutamate transporter EAAC1 (I). Scale bars (10 mm) apply to each image in the column.
ing cell, there was a mean of 1.2 6 0.75 large overlapping the absence of any effect on the expression/accumula-
tion of GluR1 (data not shown). To ensure that the sur-Myc±Narp±GluR1 clusters at these sites of contact. The
specificity of the interaction between GluR1 and Narp face staining technique did not induce the intercellular
coclustering of GluR1 and Narp, we examined the colo-was evidenced by the fact that Narp did not induce
clusters of either the neuronal glutamate transporter calization of GluR1 and Narp in cells fixed and perme-
abilized prior to staining, as well as in cells in whichEAAC1 (0.04 6 .05; n 5 121) or the NMDA receptor
subunits NR1 and NR2A (0 coclusters; n 5 32 contacts). live staining was done with an Fab fragment to prevent
antibody-induced aggregation. In all cases, the resultsMoreover, the number of GluR1 clusters at sites of con-
tact with non-Narp-expressing HEK 293T cells was ex- were identical, both for the ability of Narp to cluster
AMPA receptors on apposing cells and for the coexpres-tremely low (0.07 R1 clusters per contact with a GluR2-
expressing cell [n 5 76]; 0.03 R1 clusters per contact sion of Narp with GluR1 in the postsynaptic cell to po-
tentiate this process.with a PICK1/GluR2-expressing cell [n 5 58]). The inter-
action between GluR1 and Narp required contact be-
tween the heterologous cells, as there was no evidence Narp Clusters GluR1 in Cultured Spinal Neurons
Although Narp is secreted from transfected HEK 293Tthat Narp could diffuse from one cell and induce GluR1
clusters on another. cells and can be collected from the media, it appeared
to have no bioactivity in this form, assayed by its abilityThese results indicate that Narp and GluR1 do not
need to be expressed in the same cell for AMPA receptor to bind to other HEK 293T cells transfected with Narp
and/or GluR1. Moreover, this soluble form of Narp didaggregation to occur. However, when untagged Narp
was coexpressed with GluR1 and then cocultured with not bind to cultured spinal neurons and did not cluster
glutamate receptors on these cells. However, the bioac-cells expressing only Myc-tagged Narp, there was a .2-
fold increase in the number of intercellular Myc±Narp± tivity of Narp could be readily demonstrated when HEK
293T cells expressing Myc±Narp on their surface wereGluR1 coclusters (Figure 9B; mean, 2.6 6 1.4; n 5 124;
p , 0.01). This suggests that the expression of Narp in mixed with spinal neurons previously grown in culture
for 4 days. The neurons and transfected HEK 293T cellsboth the pre- and postsynaptic cell facilitates cluster
formation. The effect of coexpressed Narp on the inci- were cocultured for 48 hr and then fixed and stained for
Myc±Narp (Figure 10A, white; Figures 10C and 10F, red),dence of intercellular Narp-GluR1 clusters occurred in
Narp Clusters AMPA Receptors
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Figure 8. Narp Immunoprecipitates with the
AMPA Receptor Subunits GluR1±GluR3 in
Cotransfected HEK 293T Cells and in Brain
(A) HEK 293T cells were cotransfected with
Narp and either GluR1±GluR6, NR1, or
EAAC1. After 48 hr, Myc±Narp was immuno-
precipitated with a mouse monoclonal anti-
Myc antibody (6Myc peptide block) as de-
scribed in the Experimental Procedures, and
the resultant precipitate was probed with the
various subunit-specific antibodies. Each
subunit interaction has been verified in at
least three separate experiments. Note also
that treatment with 1 mM tunicamycin for 48
hr caused the expected reduction in apparent
mass of the AMPA receptor subunit being
examined (Blackstone et al., 1992) but had
no effect on the coimmunoprecipitation. In
(B), GluR1 and Narp are coimmunoprecipi-
tated from rat brain with GluR1 or Narp anti-
bodies. Preincubation with blocking peptide
eliminates the effect. Control lanes refer to
the starting extract prior to immunoprecipita-
tion (see Experimental Procedures).
GluR1 (Figures 10B, 10C, and 10E, green), and synapsin native GluR1 clusters, which almost always (90%) colo-
calize with synapsin (146 of 163 on day 6; Figures 10B,(Figure 10D, white; Figures 10E and 10F, blue). When
contacts between Myc±Narp-expressing HEK 293T cells 10D, and 10E, asterisks). These results strongly suggest
that the Myc±Narp-transfected HEK 293T cells induceand GluR1-expressing spinal neurons were examined
for overlapping Myc±Narp±GluR1 clusters, 64% (82 of the nonsynaptic GluR1 clusters rather than associate
with established synaptic GluR1 clusters. To control for128) of the Myc±Narp clusters in contact with the neuron
overlapped with neuronal GluR1 clusters (mean of 2.6 6 random GluR1 clusters that might occur at sites of con-
tact between HEK 293T cells and spinal neurons, we1.5 overlapping Myc±Narp±GluR1 clusters per HEK
293T±neuron contact; Figures 10B and 10C, white transfected HEK 293T cells with a combination of PICK1
and GluR2, which also form large aggregates on thearrows). Only 5 of the 82 GluR1 clusters associated with
Myc±Narp had any staining for the synaptic vesicle pro- surface of HEK 293T cells (Xia et al., 1999). No clusters of
neuronal GluR1 were seen associated with these PICK1/tein synapsin 1 (Figures 10D and 10F) compared with
Figure 9. Narp Induces GluR1 Aggregates at
Intercellular Contacts
In (A), HEK 293T cells were transfected with
either Myc±Narp or GluR1 and remixed as
described in the Experimental Procedures.
Images are shown at low (top) and high (bot-
tom) magnification. Live staining with an Fab
fragment of an anti-Myc antibody shows
large surface Myc±Narp clusters on one cell,
three of which colocalize with permeabilized
GluR1 stain on an adjacent, contacted cell.
In (B), cells were transfected with either Myc±
Narp or GluR1 plus untagged Narp and were
stained as described for (A). Images are again
shown at low and high magnification. Note
the increased number of overlapping Myc±
Narp±GluR1 clusters in (B) and the clustered
GluR1, which is not associated with Myc
stain, due to the cotransfected untagged
Narp. Scale bars, 10 mm.
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Figure 10. Narp Induces AMPA Receptor
Clustering in Neurons
In (A), a HEK 293T cell expressing Myc±Narp
(identified with an anti-Myc monoclonal anti-
body and superimposed on the Nomarski im-
age) is seen to contact a neuron that has
multiple clusters of GluR1 ([B], green). Several
of these GluR1 clusters clearly overlap with
the Myc±Narp clusters in (A) ([B and C], white
arrows). Additional Myc±Narp clusters, which
do not appear to be in direct contact with
the HEK 293T cell and are presumed to be
fragments of those cells, also have associ-
ated GluR1 clusters ([A±C], yellow arrowheads).
In (D), (E), and (F), the Myc±Narp±GluR1 clus-
ters do not colocalize with synapsin 1, a pre-
synaptic vesicle protein labeled with a rabbit
polyclonal antibody (blue), except for one
(identified by an arrow in [F]). In contrast,
GluR1 clusters that do not colocalize with
Myc±Narp are synaptic, as they colocalize
with synapsin 1 ([E and F], asterisks). In (G)
and (H), a Myc±Narp-expressing HEK 293T
process (red) does not induce clusters of
the neuronal glutamate transporter EAAC1
(green) on a contacted neuron, while (I) and
(J) show that clusters of PICK1/GluR2 (red)
on another HEK 293T cell do not induce clus-
ters of GluR1 (green) on an underlying neu-
ronal dendrite. (H) and (J) show the superim-
posed position of the Narp or PICK1 clusters
depicted in (G) and (I) on the neuronal den-
drite to demonstrate the lack of clustering
of EAAC1 or GluR1, respectively. Scale bars,
10 mm.
GluR2 clusters at a total of 58 cell±cell contacts involving axodendritic shaft synapses on aspiny spinal cord and
hippocampal neurons in vitro. In addition, a small num-88 PICK1 clusters (Figures 10I and 10J). Moreover, there
was no evidence that contact with an untransfected HEK ber of spine-bearing neurons express Narp at their excit-
atory synapses in culture. In vivo, immunoEM confirms293T cell or a HEK 293T cell transfected with a diffusely
expressed construct (such as GluR2) could cluster Narp to be present at both pre- and postsynaptic sites of
spiny and aspiny synapses. The prominent presynapticGluR1 on the contacted dendrite. As a sign of specificity,
Narp-transfected HEK 293T cells did not cluster the localization of Narp in mossy fiber terminals is associ-
ated with synaptic vesicles. We further demonstrate thatNMDA receptor subunit NR1 or the neuronal glutamate
transporter EAAC1 (Figures 10G and 10H). In addition Narp is capable of clustering AMPA receptors and that
this clustering activity involves a physical interactionto the typical overlapping clusters of Myc±Narp and
GluR1 at contact points between neurons and HEK 293T (direct or indirect) with AMPA receptor subunits. Be-
cells, clusters of Myc±Narp that appeared to have bro- cause Narp is dramatically upregulated in neurons in
ken off from the processes of HEK 293T cells were also response to patterned synaptic activity and is expressed
capable of clustering GluR1 (Figures 10A±10C, yellow at relatively high levels in developing and adult brain
arrowheads). Although the number of these latter aggre- (Tsui et al., 1996), our studies suggest that Narp may
gates was not formally tabulated, they appeared to be play a critical role in linking activity with the development
at least as numerous as those still obviously in contact and plasticity of excitatory synapses.
with the HEK 293T cell. We did not see an ingrowth of The predominant expression of Narp at axodendritic
axons into the transfected HEK 293T cells, something shaft synapses in vitro infers highly specific cellular ex-
that might have been predicted from the overexpression pression and subcellular targeting. Narp appears to be
experiments. The reasons for this discrepancy are not targeted to synapses from both the pre- and postsynap-
certain, but it was our impression that axons avoided tic cell. Evidence for specific presynaptic localization is
the HEK 293T cells (transfected or not). provided both by EM and by the observation that Narp
is expressed in a subset of axons in both native and
Discussion transfected cells. Strong endogenous Narp staining is
seen in axons in both hippocampal and spinal neurons.
The fact that none of these axons show staining for GAD,In the present study, we show that the neuronal IEG Narp
is selectively expressed at the majority of excitatory, a marker for GABAergic interneurons, which constitute
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z25% of the neurons in spinal cultures (O'Brien et al., argue against a nonspecific interaction such as that
mediated by a lectin.1997) and z30% of the neurons in these postnatal hip-
Given the localization of Narp at excitatory synapses,pocampal cultures, suggests that Narp is transported
its AMPA clustering activity may play an important roleonly into the axons of glutamatergic neurons. Further-
in the synaptic aggregation of those receptors. Bio-more, in transfected neurons, epitope-tagged Narp is
chemical and immunohistochemical characterizationonly seen in GAD-negative axons, where it becomes
demonstrates the specificity of the interaction betweenexternalized exclusively at excitatory terminals. Narp
Narp and AMPA receptor subunits. When viewed in theis also present on the dendritic surface of native and
context of other glutamate receptor clustering mole-transfected neurons at both synaptic and nonsynaptic
cules, Narp displays several novel features. In contrastsites. The synaptic localizations are most dramatic and
to the intracellular proteins PSD-95 and GRIP, Narp isare notably specific for excitatory synapses.
an extracellular molecule with no PDZ domains and noThe pattern of glutamate receptor clustering in hippo-
access to intracellular domains on AMPA receptor sub-campal interneurons in vitro appears somewhat similar
units. These results suggest that if Narp directly inter-to that observed in spinal neurons and different from
acts with AMPA receptor subunits, it interacts with ex-spiny pyramidal cells. The fact that a molecular differ-
tracellular domains on these proteins. Narp's ability toence may exist in the aggregating molecules expressed
form large aggregates contrasts with the pattern seenat excitatory shaft and spine synapses is not surprising.
with PSD-95, which by itself is diffusely expressed (KimIn cultured hippocampal neurons, pyramidal cell spine
et al., 1996). Like rapsyn (Ramarao and Cohen, 1998) andsynapses are highly enriched in NMDA receptors, in
PICK1 (Xia et al., 1999), Narp has coiled-coil domains incontrast to the dendritic shaft synapses on aspiny in-
its unique N terminus (Tsui et al., 1996) that may beterneurons and spinal neurons, which are more heavily
available for interaction with extracellular componentsweighed toward AMPA receptors (O'Brien et al., 1997;
of GluR1±GluR3 as well as for Narp±Narp interactions.Rao et al., 1998; Liao et al., 1999). In addition, the actin
While our assumption is that Narp directly interacts withcytoskeleton (Allison et al., 1998), the distribution of the
AMPA receptor subunits, it is possible, although un-Rho target citron (Zhang et al., 1999), and the modulation
likely, that an additional linker molecule is present inof AMPA receptors by activity and brain-derived neuro-
both neurons and HEK 293T cells.trophic factor (Rutherford et al., 1998) all appear different
Another notable functional property of Narp-express-in spiny and aspiny hippocampal neurons. Interestingly,
ing cells is their ability to cluster AMPA receptors on
the major excitatory input onto hippocampal interneu-
apposing cells, even when the contacted cell does not
rons is through the granule cells of the dentate gyrus express Narp. In view of the documented physical inter-
(AcsaÂ dy et al., 1998), the region most enriched in Narp action between Narp and AMPA receptors when these
protein and mRNA (Tsui et al., 1996). Sprouting and proteins are expressed in the same cells, it seems likely
synaptogenesis are documented as occuring in terminal that the intercellular clustering activity also involves their
mossy fibers following seizure (Cavazos et al., 1991) and physical interaction. The transcellular clustering activity
may involve the activity of molecules such as Narp, of Narp is further enhanced when the apposing cell
which are strongly induced by seizures. In vivo, the dis- coexpresses Narp with AMPA receptors, suggesting
tribution of Narp by immunoEM appears to be more that a Narp±Narp interaction may also contribute to
widespread among excitatory synapses than our data transcellular clustering. In this regard, Narp may poten-
in vitro would indicate, with spine as well as shaft accu- tially display similarities with cadherins, which self asso-
mulation. Proposed explanations for these differences ciate and participate in synaptogenesis from both the
have been offered but await further experimentation. pre- and postsynaptic surfaces (Fannon and Colman,
The family of long pentraxins, of which Narp is a mem- 1996; Uchida et al., 1996). Unlike the family of cadherins,
ber, has several characteristics that might play a role in however, Narp appears to be completely extracellular,
promoting excitatory synapse formation. Included among with no transmembrane domain (Tsui et al., 1996). More-
these are the ability to form side-to-side and head-to- over, direct proof that Narp functions as an adhesion
head multimeric aggregates (Emsley et al., 1994; Good- molecule is lacking. The hypothesized function of Narp
man et al., 1996; Bottazzi et al., 1997) and the ability to transynaptically aggregate AMPA receptors is unique
to bind other proteins via a lectin-like domain. When but reconcilable when considering that synaptic dis-
assayed by nonreducing SDS±PAGE, native Narp mi- tances in the CNS are small due to the lack of a well-
grates with an apparent size of .200 kDa, and this mobil- defined basement membrane (Gordon-Weeks et al.,
ity shifts to z55 kDa with addition of reducing agent, 1992) and that Narp is likely to be secreted. EM localiza-
consistent with the prediction that Narp forms cysteine- tion shows Narp immunoreactivity over the synaptic
linked multimers. These multimers, however, are far be- cleft and is consistent with this proposed function.
low the size of the large macroaggregates seen on the We propose a model in which Narp±Narp interactions
surface of transfected cells, a property unique to Narp between pre- and postsynaptic cells contribute to excit-
among the family of pentraxins. It is possible that an atory synapse formation by a secondary clustering of
additional domain in the unique N terminus mediates synaptic AMPA receptors due to Narp±AMPA receptor
the formation of these macroaggregates. The ability of interactions. In support of a ªpresynapticº effect of Narp,
Narp to cluster AMPA receptors would not have been we note that Narp expressed on heterologous cells in-
predicted from a knowledge of the family of pentraxins, duces AMPA receptor clusters on neurons. By contrast,
since the association of Narp with AMPA receptor sub- a ªpostsynapticº effect of Narp is suggested by the
units in the presence of tunicamycin suggests that it is observation that when Narp expression is upregulated
not the lectin component of Narp that mediates this by transfection, it results in a 2-fold increase in the num-
interaction. Indeed, the specificity of the interaction ber of excitatory synapses, with no change in the num-
ber of inhibitory synapses. Since only a small percentage(GluR1±GluR3 but not GluR4, GluR6, or NR1) would also
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of cells is transfected in this experiment, the increase of Narp. Presynaptic secretion of Narp at active syn-
in the number of excitatory synapses on transfected apses could target its action to specific synapses, where
cells as compared with nontransfected cells in the same it could cluster, or perhaps stabilize, GluRs and thereby
dish argues strongly for a postsynaptic action of Narp. selectively strengthen active synapses. These mole-
The synaptogenic effect of upregulated Narp expression cules provide new tools to study the mechanisms of
in neurons would be a manifestation of the potentiating synapse-specific and protein synthesis±dependent neu-
effect of Narp on the transcellular cluster formation seen ronal plasticity.
in heterologous cells when Narp is coexpressed with
AMPA receptor subunits. It is also possible that excess Experimental Procedures
Narp in the postsynaptic neuron promotes Narp±Narp
Culturesintercellular interactions with presynaptic elements and
Cultures of postnatal rat spinal cord neurons (P1±P4; O'Brien et al.,makes it more favorable for the overexpressing cell to
1998a) and postnatal rat hippocampal neurons (P1±P7; Liao et al.,
attract new synapses. This would favor excitatory syn- 1999) were grown on collagen-coated glass coverslips, as de-
apses over inhibitory synapses, since inhibitory axons scribed, at low densities ranging from 1 3 105 to 2.5 3 105 cells per
do not appear to express Narp. We are also interested 60 mm dish. For transfection studies, E18 rather than P2 spinal
neurons were utilized at similar densities.in the preliminary observation that the small extrasyn-
aptic clusters of Narp seen in native and transfected
Immunohistochemistrycells lack an association with GluR1. It may be that
Detailed procedures and a description of the antibodies used foronly the large Narp clusters seen at synapses or in HEK
live and permeabilized staining of spinal and hippocampal cultures
293T cells are able to recruit AMPA receptors, per- have been described earlier (Mammen et al., 1997; O'Brien et al.,
haps due to interacting domains on Narp. Analysis of 1997, 1998a). For these experiments, live incubations were carried
the structure±function relationship for Narp should help out for 40 min in growth media at 378C, while fixed and permeabilized
staining was done overnight at 48C. Many rabbit antibodies usedreveal the Narp mechanisms that contribute to synap-
were directly coupled to a fluorochrome, including Marina Blue±togenesis.
(Molecular Probes) labeled rabbit anti-synapsin 1, Marina Blue±We have made several attempts to disrupt endoge-
labeled rabbit anti-Myc, and Cy3- (Amersham) labeled anti-GluR1.nous synaptogenesis using the anti-Narp antibody and
Each coupling was performed as described by the manufacturer.
antisense oligonucleotides to test these hypotheses Direct coupling allowed us to use two rabbit antibodies simultane-
without success. The anti-Narp antibody does not ap- ously in many cases. A polyclonal antibody against a full-length
pear to be a blocking antibody up to a concentration of (minus the signal sequence) GST fusion protein of Narp was raised
in rabbits and the IgG fraction of the serum prepared with protein30 mg/ml either in spinal cord cultures or in our HEK
A beads (Pierce). The IgG fraction was used for immunohistochemis-293T cell assay. Antisense oligonucleotides to several
try at a final concentration of 2 mg/ml. For blocking experiments,sites on Narp have had no effect on Narp production
anti-Narp at a concentration of 20 mg/ml was incubated with 200
assayed by immunoblots and immunohistochemistry.
mg/ml Narp protein for 2 hr at room temperature. This mixture was
Future experiments using dominant-negative mutations then diluted 1:10 and used to stain the appropriate cultures. In
of Narp or transgenic knockout animals will be neces- experiments in which anti-Narp antibodies were to be used in con-
junction with primarily labeled rabbit antibodies (Cy3-GluR1 andsary to further elucidate the role of Narp in synaptogene-
Marina Blue-synapsin), the appropriate procedures and controlssis in vivo. We should also note that we have not been
for using multiple rabbit antibodies were conducted as describedable to ascribe a role to the soluble form of Narp, in
(O'Brien et al., 1997). All images were digitized in black and whitecontrast to Tsui et al. (1996), who found that it promoted
with a Princeton Instruments Camera. For the purposes of this pa-
neuritic outgrowth. Possible explanations include differ- per, red images (pseudocolor) refer to Narp. Other colors are as
ences in the bioassays and the modes of Narp pro- described individually. Anti-Myc antibodies (generated in the Hu-
duction. ganir lab) from either mouse (A/G protein±purified; final concentra-
tion, 0.3 mg/ml) or rabbit (affinity-purified; final concentration, 0.7 mg/Narp provides further evidence that the neuronal IEG
ml) were used interchangeably, as images from each were identical.response can directly modify synaptic function. Other
Each antibody recognized only appropriately tagged transfectedexamples include Homer, which regulates the coupling
constructs in HEK 293T cells. In some cases, an Fab fragment ofof synaptic group 1 metabotropic glutamate receptors
the rabbit anti-Myc antibody, generated with papain according to
to inositol trisphosphate receptors (Tu et al., 1998), the Pierce protocol (44885), was used for live staining at a concentra-
RGS2, which regulates the coupling of specific G pro- tion of 2 mg/ml. The Fab fragment was tested in denaturing and
tein±linked receptors to their downstream signaling cas- nondenaturing gels to exclude the presence of whole antibody or
F(ab')2 fragments. All fluorochrome-labeled secondary antibodiescade (Ingi et al., 1998), Cox-2, which is the nodal enzyme
were purchased from Jackson Immunoresearch and used at a 1:200in prostaglandin synthesis (Yamagata et al., 1993; Kauf-
dilution. Horseradish peroxidase (HRP) immunohistochemistry onmann et al., 1996), and Arc (Lyford et al., 1995; Steward
rat hippocampus in vivo was done as described by Wallace et al.et al., 1998), which may function as an adapter protein
(1998) at an antibody concentration of 1 mg/ml. Minimal-to-no back-
for calcium/calmodulin-dependent kinase II. One of the ground HRP signal was seen in the absence of primary antibody.
challenges in describing the contribution of IEGs to long-
term synaptic plasticity is to understand how a genomic Electron Microscopy
response that is temporally and spatially remote from The postembedding immunogold method described by Zhao et al.
(1998) and Petralia et al. (1999) was used for EM. Briefly, a malean activated synapse can selectively modify the function
Sprague-Dawley rat was perfused with 4% paraformaldehyde plusof specific synapses. Emerging evidence suggests that
0.5% glutaraldehyde in 0.1 M phosphate buffer. Parasagittal sec-IEG products may be targeted to specific active syn-
tions (250 mm) of the hippocampus were cryoprotected in 30%
apses. For example, Arc mRNA selectively accumulates glycerol and frozen in liquid propane in a Leica EM CPC. Frozen
at the dendritic sites of recent synaptic activity (Steward sections were immersed in 1.5% uranyl acetate in methanol at
et al., 1998). The present studies suggest an alternative 2908C in a Leica automated freeze substitution instrument, infil-
trated with lowicryl HM 20 resin at 2458C, and polymerized withmechanism that could mediate synapse-specific effects
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ultraviolet light. Thin sections were incubated in 0.1% sodium boro- layered onto the cells for 2 hr. Cells were then rinsed with phosphate-
buffered saline (PBS) and complete media and allowed to incubatehydride plus 50 mM glycine in Tris-buffered saline/0.1% Triton X-100
(TBST) followed by 10% normal goat serum (NGS) in TBST, primary for an additional 6 hr, at which time they were trypsinized and plated
onto collagen-coated glass coverslips in 10% FCS for 24 hr at aantibody in 1% NGS/TBST, and 10 nm immunogold (Amersham) in
1% NGS/TBST plus 0.5% polyethylene glycol and, finally, stained density of 30,000 per 12-well dish. After 24 hr, the media were
switched to 8% horse serum/2% FCS for an additional 24 to 48 hr.in uranyl acetate and lead citrate. Primary Narp antiserum was used
at dilutions of 1:50 to 1:200. Gold is absent or rare in controls (ab- Coverslips were then processed for live or fixed staining with the
rabbit or mouse anti-Myc antibody in combination with affinity-puri-sence of primary antibody). Additional controls included evidence
of effective block of immunostaining using immunodepleted serum fied subunit-specific rabbit antisera. In some cases, HEK 293T cells
transfected with different constructs were remixed after the 6 hrat 1:100 and similar synaptic localizations using a second polyclonal
rabbit antiserum generated against a C-terminal peptide. The pro- posttransfection incubation. Live AMPA receptor staining in HEK
293T cells was performed using the previously described N-terminalfiles in Figure 6 were selected as representative from a total of 146
photographic images that were analyzed following a survey of over GluR1 (Mammen et al., 1997; final concentration, 1 mg/ml) and N-ter-
minal GluR2 (Vissavajjhala et al., 1996; final concentration, 3 mg/ml)10,000 mm2 each of CA1 stratum radiatum, CA3 stratum lucidum,
and the molecular layers of the dentate gyrus and the dentate hilus. antibodies as described above. Polyclonal anti-PICK1 antibodies
were a gift of J. Xia and were used at a concentration of 0.5 mg/ml
(Xia et al., 1999).
Neuronal Transfections
E18 spinal neurons were transfected either with a C-terminal Myc- Neuron±HEK 293T Cocultures
tagged Narp construct (in pRK5) or a control construct (Myc-tagged HEK 293T cells were transfected with 4 mg of Myc-tagged Narp or
NR1 C terminus) after 2 days in culture as described (Dong et al., 2 mg of GluR2 and 2 mg of PICK1 (to form alternative clusters),
1997). This procedure results in a 1%±3% transfection efficiency. trypsinized after 6 hr as described above, and added to cultures of
After an additional 72 hr in vitro, cells were processed in one of two postnatal spinal neurons that had been growing for 4 days in culture
ways. For evaluating the effect of Narp on the formation of excitatory at that point. The HEK 293T cells were added to the neurons at a
synapses, cultures were fixed and permeabilized as per our normal concentration of 20,000 per 12-well dish in neuronal growth media
routine (O'Brien et al., 1998a). Cultures were then stained with Ma- (O'Brien et al., 1998a). After an additional 48 to 72 hr, the cultures
rina Blue±labeled anti-synapsin 1 and Cy3-labeled anti-GluR1 to were fixed, permeabilized, and stained with Cy3-labeled GluR1, Ma-
identify synaptic GluR1 clusters and mouse anti-Myc, followed by rina Blue±labeled synapsin 1, and mouse anti-Myc followed by FITC
FITC anti-mouse to identify transfected cells. Additional cultures anti-mouse. In some cases, the anti-Myc was added to live cultures.
were stained with Marina Blue±labeled rabbit anti-Myc and mono- Consecutive sites of contact between Myc±Narp-expressing HEK
clonal anti-GAD (followed by FITC anti-mouse) to assess the number 293T cells (FITC) and GluR1-expressing dendrites (Cy3) were identi-
of inhibitory synapses. Consecutive GluR1-positive transfected cells fied, and the fluorescent images corresponding to each were digi-
or same dish controls (at least ten per coverslip) from five different tized at 1003 magnification. In practice, consecutive Narp-positive
experiments (two of which were blinded prior to data acquisition) HEK 293T cells were identified at 633 with the FITC cube, which
were digitized with a Princeton Instruments charge-coupled device was then switched to rhodamine to see if the HEK 293T cell was
camera and Metamorph software (Universal Imaging). The number contacting the dendrite of an R1-positive neuron at any point. Some
of synaptic GluR1 clusters and total synapses were then determined of the points of contact were short, and some were long. If there
per cell at 633. The results from the blind and nonblind experiments was any contact, the objective was changed to 1003, and the con-
were identical and were pooled. The number of GAD clusters was tact was photographed and analyzed. Additionally, the correspond-
determined in a separate series of experiments, two blind and one ing synapsin 1 fluorescence (Marina Blue) and Nomarski image were
nonblind. Values from Narp- and NR1 C terminus±transfected cells, obtained. Images were subsequently analyzed for corresponding
as well as same dish untransfected controls, were compared using Myc±Narp and GluR1 clusters, as well as the presence of synapsin
a Student's t test and are expressed 6SD. The neuritic length of staining at these clusters.
Narp- and NR1CT-transfected neurons was determined in three of
the five transfections (one nonblind, two blind) at 1003. The perme-
Immunoblotsabilized Myc staining was digitized and the lengths of all neurites
Cell lysates from high-density cultures of spinal cord and hippocam-and their branches (excluding the cell body) measured with the
pus as well as Narp- and mock transfected HEK 293T cells wereMetamorph line region drawing tool. No attempt was made to distin-
solubilized by sonication in immunoprecipitation buffer (see below)guish axons from dendrites or to measure the neuritic arbor outside
with 1% Triton X-100 and 0.2% SDS and subjected to SDS±PAGEthe imaged field.
(10% acrylamide). Proteins were transferred to Immobilon-P (Milli-For evaluating the surface distribution of transfected Myc-labeled
pore), immunoblotted using the above described anti-Narp antibod-Narp in spinal neurons, live cultures transfected as above were
ies at 0.5 mg/ml, and visualized with enhanced chemiluminescenceincubated with mouse anti-Myc in growth medium for 40 min and
(ECL; Amersham). In experiments in which only surface proteinsrinsed three times in minimal essential medium (MEM) prior to fixa-
were examined, cultures of spinal and hippocampal neurons weretion. Coverslips were then permeabilized and incubated with Cy3-
surface biotinylated as described (Mammen et al., 1997), and thelabeled GluR1 (to identify GluR1 clusters), Marina Blue±labeled
streptavidin-immunoprecipitable material was run in sample buffer.rabbit anti-Myc to identify the pool of intracellular Myc±Narp in
For blocking experiments, anti-Narp antibodies at 5 mg/ml weretransfected neurons, and FITC anti-Mouse to visualize the surface
incubated with 200 mg/ml Narp protein for 2 hr at room temperatureMyc±Narp stain. All images were obtained at 1003. For experiments
and then diluted 1:10 for immunoblotting. Tissue blots from adultinvolving GAD or Tau (which are mouse monoclonal antibodies),
rat organs were prepared by homogenizing the various tissues inunlabeled rabbit anti-Myc was used in live cultures followed by FITC
immunoprecipitation buffer (see below) with 1% Triton X-100. Afteranti-rabbit antibodies. (We found that the sensitivity and back-
determination of protein concentrations, the samples were dis-ground of live staining was better with unlabeled primaries followed
solved in 33 sample buffer and run on an 8% acrylamide gel.by labeled secondaries.)
Narp Expression In Vivo
MECS was used to elicit a single, generalized seizure in adultHEK 293T Cell Transfections
HEK 293T cells growing in 10% fetal calf serum (FCS) were trans- Sprague-Dawley rats (200±300 g). A constant current signal genera-
tor (Ugo, Basile, Italy) delivered a pulse lasting 1 s (frequency, 100fected with a combination of Myc-tagged Narp and either GluR1,
GluR2, GluR3, GluR4, GluR6, NR1, NR1/2A, or EAAC1. All plasmids Hz; pulse width, .5 ms; current, 85 mA) and was connected to the
rat by nontraumatic ear pads. To examine the effect of MECS onwere in pRK5 and were transfected in 6-well dishes. Briefly, 4 mg
of total plasmid DNA (2.5 mg of Narp and 1.5 mg of any other plas- Narp protein expression, rats were killed by guillotine decapitation,
and the hippocampus was rapidly dissected and sonicated in 2%mid[s]) were added to 100 ml of L-15 and 15 ml of Superfect (Qiagen).
After 20 min, this mixture was added to 0.9 ml of growth media and SDS. Samples (20 mg per time point) were analyzed by SDS±PAGE
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